I. Introduction
Frequency selective surfaces (FSSs) have been widely used in many areas of microwaves and optics, such as dichroic surfaces of reflector antennas in frequency reuse systems, spatial angular filters, antenna radomes, and so on [1] , [2] . These surfaces are one-or multi-dimensional periodic structures of resonant elements and perform a filter operation depending on their unit cell geometry and constructing materials. For multi-band operation, multi-layered FSSs or a single FSS layer with multiple resonant elements have been used [3] , [4] .
In recent years, as the use of mobile phones has become widespread, the noise created by the use of mobile phones in public buildings, such as libraries or concert halls, has become a social issue in Korea. To solve this problem, electromagnetic waves or signals can be blocked between base stations and mobile phones in these facilities by installing an FSS-type spatial band-stop filter on the walls, windows, or other openings. As shown in Fig. 1 , this type of spatial filter also can be used for houses or apartments near base stations or used as compartments inside offices to protect workers from excessive exposure to ambient electromagnetic energy.
In this letter, we present a compact multi-band-stop filter operating at the following bands: Korean cellular (824 MHz to 894 MHz), Personal Communication Service (PCS) (1.75 GHz to 1.87 GHz), and IMT-2000 (1.92 GHz to 2.17 GHz). It uses a novel FSS structure, which can be placed on the windows of public facilities, to block electromagnetic waves at these three bands.
One of the most important parameters in designing FSSs is the size of a unit cell because installation space for FSSs is usually limited. To increase the number and the effective length of the FSS unit cell in a limited space, modified multiple loops with meander lines are used. This is based on the space-filling concept used in [5] . Commercial software of Ansoft HFSS is used to obtain all predicted data, and comparison between the measured and simulation data shows good agreement.
II. FSS Filter Design and Experiment
The structure of a unit cell of a proposed three-layer FSSs placed on a pair-glass pane is shown in Fig. 2 . Most windows of modern buildings are made of large pair-glass panes, which comprise two glass panes with an air gap between them to reduce heat emission and to block environmental noise. In this regard, two FSSs with modified multiple-loop elements are printed on the top and bottom sides of the pair-glass pane. The optimized parameters to cover the three stop-bands, namely, cellular, PCS, and IMT-2000, are given in Fig. 2 . The multipleloop elements are realized with conductive aluminum patterns, and Fig. 3 shows a photograph of a fabricated FSS structure. The pair-glass pane consists of two 5 mm thick glass panes with an air gap of 6 mm; therefore, the total thickness of the pair-glass pane is 16 mm. This thickness was chosen because it is the thickness most commonly used in Korea for windows. For simulation, the complex permittivity of the glass used for the pair-glass was measured by using the Agilent 85070D dielectric probe kit. The real and imaginary parts of the complex permittivity of the glass are presented in Fig. 4 . Based on the measured results, the real and the imaginary parts of the permittivity used for the simulation were chosen to be 7.5 and 0.1, respectively, which correspond to average values over the frequency bands of interest. The unit cell of the FSS is a variation of multiple-loop elements consisting of three loops. Since the PCS and IMT-2000 bands are separated by just 50 MHz, these two bands are considered one wide band (1.75 GHz to 2.17 GHz) and we have tried to design a dualband stop filter covering 824 MHz to 894 MHz and 1.75 GHz to 2.17 GHz. In this regard, a dual-band stop FSS with inner and outer square loop elements was first designed. The inner and the outer loop elements were modified by replacing straight lines with meander lines as shown in Fig. 2 to reduce the size of the unit cell. The simulated transmission characteristic of the FSS without the center square loops for normal incidence is shown in Fig. 5 . It can cover the cellular band, but not the PCS and IMT-2000 bands. In fact, the second stopband is located in a lower frequency range than the PCS and IMT-2000 bands.
To shift the second stopband towards a higher frequency region and increase the bandwidth to fully cover the PCS and IMT-2000 bands, a center square loop, which has a little shorter effective length than the inner meandered loop, is inserted between the inner and the outer meandered loops. The simulated and measured transmission characteristics of the FSS with center square loops are plotted together in Fig. 5 for comparison. The center square loop pushes up the second stopband towards a higher frequency region that can cover the PCS and IMT-2000 bands with about 1.5 times increased bandwidth, but it does not affect the first stopband. We can also see that the simulated and measured results for the FSS with center loops show some deviation in the second band. We conjecture that this is caused by the manual bonding between the FSS elements and the pair-glass. In fact, the FSS elements are fabricated as an aluminum sticker with some adhesive and these elements are cut element by element to be placed onto the pair-glass. In this process, misalignments between the two FSS layers, which are attached to the opposite surfaces of the pairglass, might be produced. However, this can be eliminated by fabricating the FSS with an automatic manufacturing process. Figure 6 shows the measured transmission responses for the inclined (φ=0 o , θ=30 o ) transverse electric mode and transverse magnetic mode incidences, and the behavior is almost the same for normal and inclined incidences. This implies that the proposed spatial filter is insensitive to angular variation, which is a crucial property required for the spatial filter. The proposed multi-band-stop filter has two 20 dB attenuation bandwidths of 230 MHz and 560 MHz for normal and inclined incidences, respectively, which is easily wide enough to block all three bands.
III. Conclusion
We have proposed a novel spatial multi-band-stop filter using modified multiple-loop array elements operating at Korean cellular, PCS, and IMT-2000 frequency bands, which can be used to block electromagnetic waves of commercial mobile phones in public buildings.
Regarding the direct installation of FSSs onto pair-glass panes, our design can be considered a practical approach. Moreover, the patterns of the FSS element can be invisible if a transparent conductive material such as indium tin oxide is used. In this case, the existence of the proposed filter on the windows would not be visible and, thus would be preferable as it would not obstruct the window view.
